This work investigated the potential for developing generic relationships from measurements of recharge made in previous studies that would allow the assessment of the impact of land-use change on recharge. Forty-one studies that measured recharge from across Australia were reviewed to generate a database. Studies were characterised on the basis of broad soil type (sand or non-sand), land-use/vegetation (annual, perennial, or trees), and annual rainfall. Attempts to develop quantitative recharge relationships met with limited success because of the limited geographical coverage of the studies, lack of details on the study sites, and high variability in the data. Nevertheless, the following relationships for annual vegetation were The low degree of explanation of rainfall for the annual × non-sand data suggests that it is likely that soil structure becomes more important for higher clay content soils. Recharge under trees was negligible compared with that under annuals. These relationships should not be used in areas such as those where: preferential pathway flow is the dominant recharge mechanism, rainfall is summer dominant, lateral hydraulic gradients are high, water holding capacities are very low, or there are fresh, high-yielding aquifers.
Introduction
Secondary salinisation in Australia is generally accepted to have been caused by the aquifer discharge capacity of groundwater systems being exceeded, due to an increase in recharge . Quantitative estimation of recharge is important in assessing alternative land management options, as well as for providing input into groundwater models that assess impacts on groundwater systems. While a number of studies have estimated recharge for specific areas or groundwater systems, there has never been an integrated review of Australian recharge studies in a way that would allow general predictions of recharge for sites elsewhere. This paper summarises the results of many measured recharge studies from across Australia and examines them collectively in an effort to determine the extent to which the derivation of quantitative relationships can be justified, based purely on the data. This review is a first step towards the ultimate goal of developing simple empirical relationships that can be applied in a generic way across a range of landscapes.
There are different ways of estimating recharge; it can be modelled using water balance techniques (Gee and Hillel 1988) , inferred from groundwater flow modelling (Hatton 1998) , and measured using a wide range of physical and chemical methods. This review focuses on only those studies in which recharge was actually measured. The data were obtained from journal articles, technical reports, conference papers, and unpublished sources. If they can be established, generic relationships should enable rapid preliminary estimates of recharge or deep drainage without the need for detailed fieldwork.
The utility of such a concept depends on the existence of simple relationships between deep drainage and factors such as soil type, rainfall, and land-use, as well as on our ability to map these factors, and on the collated data being representative of these relationships. Previous work has demonstrated considerable variability in measured deep drainage, even within a paddock (Cook et al. 1989) . Hence, the effects of many factors such as land management, plant disease, and micro-topography are likely to be very complex. Nevertheless, the intention here was to establish what predictions could reasonably be made, using the measured data on recharge alone.
For this study, we considered the 3 primary factors controlling recharge in semi-arid Australia to be land-use, soil type, and climate (see e.g. Kennett-Smith et al. 1994; Smettem 1998) . In a study done in central Kansas (USA) by Sophocleous (1992) , depth to water table during the spring months was found to be one of the most influential variables affecting recharge. However, at many sites in Australia where recharge measurements have been taken, the water table has been very deep (e.g. Allison et al. 1985; Johnston 1987a; Cook et al. 1989; O'Connell et al. 1997) . Hence, depth to water table is unlikely to be a key factor affecting recharge over large parts of southern Australia.
Data were reviewed and collated from previous studies across Australia, with no additional measurements taken for this study. This approach necessitated an assessment of the techniques and associated estimates as part of the analysis for this study. While effort has been directed into developing relationships for the larger continental scale, there is emphasis here on the application of the findings to salinity management. This is the first in a series of studies that investigate methods for providing first-cut estimates of recharge under different land-uses. This study focuses on analysis of existing data while future papers will assess the potential of water balance and groundwater modelling (i.e. Walker et al. 2002) . Here we bring together the results of many measured recharge studies and aim to determine across a broad range of locations, whether:
1. collectively the results confirm commonly held tenets in salinity management, such as the notion that removal of native vegetation leads to an increase in recharge; 2. there is potential to develop generic relationships for recharge; 3. we understand the causes of the variability in measured recharge estimates.
In the next section, we outline the methods by which data were categorised (including the reasons for the exclusion of some data) and present the data graphically. We then describe the hypotheses and statistical procedures used in the quantitative analysis. The Results section provides summary tables of the statistical analysis while the Discussion puts the results into perspective and addresses reasons for the variability in the data. We conclude by examining the extent to which the aims were achieved.
Methods and data presentation
Only those studies that measured annual recharge or inferred annual recharge through measurements were reviewed. Several studies reporting 'measured' annual recharge values were not analysed because: (1) they were in rainfall zones very different to most other studies (e.g. 4239 mm/year in the case of Bonell et al. 1983) ; (2) site runoff characteristics had been altered (e.g. Ridley et al. 1997) ; or (3) rainfall and recharge were measured/presented as a seasonal rather than an annual total (e.g. Nulsen and Baxter 1982; Lane 1996; Smith et al. 1998) .
A database was developed to summarise information from the resulting 41 papers in which information was available on the amount of recharge, method used, land-use, soil type, and annual rainfall.
The terms 'potential recharge' and 'deep drainage' refer to water fluxes (measured or inferred) at some depth within the unsaturated zone, and are not necessarily equivalent to the 'actual' recharge (i.e. the amount of water entering the aquifer at that time). Most techniques 'infer' recharge from measurements made of other parameters, which can be related to recharge (e.g. water table rise or chloride distribution in the profile). Thus, in this paper, as in many previous studies, the term 'measured' covers both directly measured and inferred recharge values.
Site description
The 41 recharge studies came broadly from 18 sites across Australia. As illustrated in Fig. 1 , distribution of studies is heavily biased towards southern Australia and other low-to medium-rainfall zones. This is largely related to the relatively high importance of salinity as a land degradation issue in those areas.
In the studies reviewed, recharge has been estimated at sites across a wide range of environments. Rainfall ranged from 100 mm/year to 1150 mm/year, while soil types varied from very coarse sands to heavy clays (i.e. clay contents >65%). Land-use also varied widely, from deep-rooted vegetation such as Mallee scrub, banksia, jarrah, and pine plantations, to herbaceous perennial vegetation such as buffel grass pasture, to annual vegetation like wheat, oats, clover, and ryegrass (with many combinations of rotations and lengths of fallow).
Data handling and analysis
Prior to analysis it was necessary to discard misleading and inappropriate data from the 41 selected studies. Data were discarded for the following reasons: (1) data had already been reported in another study (e.g. Kennett-Smith et al. 1994) ; (2) measurements were deemed unrepresentative by the authors of the cited paper (e.g. Pakrou and Dillon 2000, observed that their repacked lysimeters produced considerably higher estimates of drainage than their monolith lysimeters); (3) recharge was estimated under trees <5 years old (e.g. Barker et al. 1995) *-3 measurements were discarded for this reason; (4) preferential pathway flow was the dominant recharge mechanism (by mention of the authors of the cited paper) †-5 measurements were discarded for this reason; (5) one of the 3 key factors controlling recharge (as discussed in the Introduction) was absent, i.e. measurements taken on skeletal soils (Allison and Hughes 1978) or where no * Vertessy et al. (1996) showed that it took about 5 years of growth before the transpiration rate from a stand of re-growth mountain ash reached the pre-clearing rate. † The scale and frequency of distribution of preferential flow paths is such that they are often missed by measurements. It is difficult to contemplate any relationship that could be applied to such an area because of the difficulty of mapping such features. vegetation had been established over the time period of measurement (Thorburn et al. 1991) were discarded-8 measurements were discarded for this reason; (6) cited study failed to specify soil type (e.g. O'Connell et al. 1997 )-10 measurements were discarded for this reason. The number of recharge measurements, rainfall, land-use, soil group, and recharge estimation technique used for each study are summarised in Table 1. Because of the limited number of recharge qualifying studies, it was necessary to keep the number of key land-use categories small, to ensure a reasonable number of data values for each category. Also, lack of clear documentation made it difficult to further subdivide the categories.
Land-use was divided into 3 broad categories: annuals (shallow-rooted annual crops or pasture), perennials (perennial crops, pastures and native herbaceous vegetation), and trees (very deep-rooted vegetation).
Data from the 41 measured studies (i.e. Table 1 ) are presented in Fig. 2 , in which all rainfall and recharge values are annual totals. Where site-specific rainfall data were not provided for a long-term average recharge measurement, we allocated a rainfall value using information from the Bureau of Meteorology or from other studies conducted in the same area. Where necessary, long-term annual rainfall was interpolated from nearby sites of known rainfall. Figure 2 suggests that at Gnangara Mound in Western Australia there are different factors limiting transpiration/recharge to those applied generally in this study. This region is covered by very deep, coarse sands, and recharge estimates were considerably higher (i.e. sometimes an order of magnitude) than any of those found in the literature from other parts of Australia. That this region has very fresh water and the aquifer is high yielding is indirect evidence that this system is atypical of many Australian groundwater systems, particularly those that are salinised. The reasons for the very high recharge rates are not clear. It is apparent that this region and other regions with similar soils will need to be examined separately. These data highlight that relationships will not be applicable across all areas, and that it may be possible to identify such outlier areas.
Excess water curve
Excess water is the term given to the non-transpired component of rainfall (i.e. P -Et) and so includes recharge and runoff. To place the recharge values into context with other components of the water balance, recharge values were compared with estimates of 'excess water' by Zhang et al. (1999) , who developed a rational function approach for estimating actual evapotranspiration based on mean annual rainfall and vegetation cover. By studying over 250 catchments from many parts of the world, Zhang et al. (1999) showed that, for a given vegetation type, there is a good relationship between long-term average evapotranspiration and rainfall. The relationship between the annual non-transpired (or excess) water, and annual rainfall is shown in Fig. 3 and this will be referred to as the rational function approach to excess water -which represents the upper limit to recharge (i.e. if runoff equals 0). It should be noted that these 'average' curves take no account of soil type. Hence, recharge estimates at sites with sandy-soils (i.e. with high infiltration and low water holding capacity) and few surface drainage features may lie above the excess water curve because the vegetation may not be able to transpire as much water as on clay soils.
In their present form, the curves in Fig. 3 provide a hypothetical upper limit of water that can recharge underlying aquifers. The excess water curves should only be used as an approximate upper limit of recharge for long-term average recharge estimates. It is inappropriate to compare single year recharge values with a curve generated from mean long-term data. Figure 4 is a subset of Fig. 2 where data from the Gnangara Mound (3 of the 41 studies) have been excluded. In Fig. 4 , a distinction has been made between single year and long-term average annual recharge and rainfall values.
Recharge estimation techniques
The collated data represent estimates of recharge at different temporal and spatial scales as well as at different depths in the profile (Table 2 ). To enable useful comparisons between different studies, the recharge data were divided into 3 groups, based on the measurement technique used, particularly with regard to depth of measurement.
Group 1 techniques are those that infer recharge at depths many metres below the root-zone. Measurements are generally made at a point scale over many metres of depth and recharge is averaged over decades. Group 2 techniques are those that infer recharge from changes in the water table. Recharge estimates are at the paddock to catchment scale and the time scale of measurement may vary from an event basis to an annual basis. Group 3 techniques are those that estimate potential recharge immediately below the root-zone. These techniques are generally at the point scale and measurements are at short time intervals (i.e. days or even hours). For Group 1 and 2 measurements the annual totals are long-term/historical averages, while the yearly totals for Group 3 techniques are for a single year.
The influence of different estimation technique groupings on recharge was not investigated for the entire data set because few recharge estimation techniques are suitable for estimating recharge under trees. Figure  5 is a subset of Fig. 4 and shows recharge estimates made using different techniques, but only in respect of the annual vegetation subclass.
Soil groups
It is proposed that much of the variation in the data in Fig. 4 was caused by different soil types and that accounting for this factor may lead to more robust relationships. However, difficulties with categorising soil types meant that soils were ultimately divided into only 2 very broad textural groups: sand and non-sand (Fig. 6 ). Where the soil description was ambiguous or unclear (e.g. Allison and Hughes 1978; Harrington et al. 1999) , the authors drew upon personal experience and that of others in the area or areas with similar soils, to help categorise the data. Where only a quantitative description was provided (i.e. percentage clay content), non-sand sites were comprised of soils with a clay content >10%. In this case allocation was partly dependent upon vegetation type (i.e. rooting depth). For a soil planted with annual vegetation, the maximum clay content in the top 2 m of the soil profile was considered in categorising the soil; for perennials the maximum clay content of the top 3 m was considered, and for trees the maximum clay content of the top 5 m was considered.
The matrix in Table 3 illustrates the number of soil-land-use combinations encountered in the qualifying studies from the literature.
Quantitative analysis of the data and development of generic relationships
Because data on land-use and soil type could only be defined on an ordinal scale, the simplest means of developing generic recharge relationships is to relate recharge to rainfall for each land-use/soil type combination. The small number of measurements under perennial vegetation precluded this land-use grouping from being analysed statistically.
Before developing recharge-rainfall relationships for different land-use/soil type combinations, it needs to be shown that recharge differs significantly across the land-use and soil groupings. In developing generic relationships the following hypotheses were tested: Table 1 . Summary of site description and data used in analysis WA, Western Australia; SA, South Australia; Vic., Victoria; NSW, New South Wales; Qld., Queensland; NT, Northern Territory. Site numbers correspond with those in Fig. 1 ; the numbers illustrate the broad location in which the study was conducted. Rainfall is presented as the long-term annual average. Soils were divided into 2 broad soil groupings, i.e. sand and non-sand. No. of estimates is the number of recharge estimates that were plotted from each study in Fig. 2 ; reasons for data being discarded are indicated under Data handling and analysis; parentheses indicate that the recharge estimates were reported as an average value; the numbers within parenthesis correspond with number of measurements taken to produce the average value; where N/A appears, the authors did not report this information. The numerals in the 'Recharge Technique' column correspond with recharge techniques listed in Table 2 Author Location Site no. In addition to testing each of the hypotheses, log-transformed rainfall is linearly regressed against log-transformed recharge within the categories of nominal data. As regression slopes principally express the response of recharge to rainfall, the possibility of different regression slopes across the nominal categories is assessed.
Rainfall

Statistical analyses
The statistical analysis is first concerned with determining whether recharge could be considered different across the categories of nominal data. Since rainfall generally influences recharge, effects of the nominal data cannot be assessed without compensating for different rainfall across nominal categories. This is usually done with standard analysis of covariance (ANCOVA), which assumes equal regression slopes across categories (parallelism). However, since the possibility of different slopes is assessed in the linear regression analysis, standard ANCOVA does not apply. Instead, as discussed below, a generalised ANCOVA is used that does not assume parallelism.
General analysis of covariance
The ANCOVA designs used in this study are essentially 2-and 4-factor ANOVAs (analysis of variance), with one factor (the covariate) continuously distributed and all effects considered as random (e.g. Sokal and Rohlf 1995) . The method assumes a linear relationship between the dependent variable and the covariate, and compensates for different covariate interactions across the categories of the nominal predictor. In other words, the analysis attempts to simulate the results that would have been obtained had a constant covariate (rainfall) been used across the categories of the nominal predictor (e.g. land-use). Hence, the effect of the covariate is eliminated, allowing an independent analysis across the categories of the nominal data.
Assuming a linear relationship between the dependent variable and the covariate implies a model with 2 parameters, the intercept and the slope. In order not to over-parameterise the system of equations used for statistical inference in standard ANCOVA, the method requires equal slopes across the categories of the over-parameterisation via asymptotic estimation (Finn 1974) , and resembles standard nested ANOVA designs since it omits the main effect of the covariate. With ANCOVA relying on the central limit theorem in cases of unknown probability density functions of the continuously distributed variables, normal distribution cannot be guaranteed in categories containing small sample sizes. In such cases (i.e. under hypothesis 4, in Group '2' of 'sample technique'), the ANCOVA results should be treated with caution. In the linear regression analysis, all continuously distributed variables were transformed to their natural logarithms to approximate normal distributions. Since all statistics involved are invariant with respect to linear (in a broad sense) transformation (Box and Cox 1964) , regression results based on such transformations are just as valid as if performed on the primary variables themselves.
Additional methodological ANCOVA requirements
With the methodological requirement of parallelism overcome, the application of ANCOVA requires:
(1) homogeneity of variance (i.e. the variance of the generic population is constant across categories); and (2) that the generic population is homoscedastic (i.e. the variance should not depend on the mean). Homogeneity of variance was tested using the Hartley F-max statistic, the Cochran C statistic and the Bartlett chi-square test (Winer 1962; Sokal and Rohlf 1995) , whereas homoscedasticity was visually examined in plotted regression residuals.
Linear regression analysis
Within the categories of nominal data, linear regression analysis was used to explore the existence of linear relationships between recharge and rainfall, with significant relationships used for two main purposes: (1) the slopes of the relationships were used to infer the responses of recharge to rainfall within the different categories of nominal data; and (2) in categories with strong enough relationship, the model equation may be used for predictive purposes.
The hypotheses of whether regression slopes differ across two categories of nominal data is tested with a standard 2-sample t-test in accordance with Sokal and Rohlf (1995) .
Under (2) above, to use the regression equations for predictive purposes, a general model precision recommended for safe prediction within earth sciences is 70% degree of explanation (R 2 ) (Håkanson and Peters 1995) , although recommendations vary widely with application and discipline.
Results
Unless otherwise stated, the methodological requirements mentioned above were all satisfied, and all the linear regression coefficients were highly significant.
Hypothesis 1: recharge differs across the categories of land-use and soil type
These hypotheses were tested univariate, with effects of rainfall accounted for. Recharge was shown to be significantly different across the land-use categories (i.e. annual vegetation and trees, Table 4 ) and across the soil type categories (i.e. sand and non-sand, Table 5 ).
Hypothesis 2: rainfall explains the greatest degree of variation in the data
In order to simultaneously rank all effects, a 4-factor ANCOVA was required (Table 6 ). It was found that rainfall had the greatest influence upon recharge, i.e. explained the greatest proportion of observed recharge variance as expressed by the F-value, followed by groupings of land-use, soils, and estimation technique respectively. 
Hypothesis 3 -within the land-use categories (i.e. annual vegetation and trees), recharge differs across the categories of soil-type
Again, this hypothesis was tested univariate with effects of rainfall accounted for. For both annual vegetation (Table 7) and trees (Table 8) , recharge was shown to be significantly different across the sand and non-sand categories.
Hypothesis 4 -within the land-use category of annual vegetation, recharge differs due to estimation technique
This hypothesis was also tested univariate, with effects of rainfall accounted for. It was shown that an overall significant difference existed across the three categories of estimation technique (Table 9) , a significance that, according to the principles of post-hoc analysis (Sokal and Rohlf 1995) , allows further inference regarding the distribution of significances. The post-hoc analysis reveals (Table 10 ) that the significance is distributed between the technique Groups '1' and '3' and between Groups '2' and '3', but not between Groups '1' and '2'. Despite homogeneity of variance being satisfied across all categories, there were too few observations within the technique Group 2 to guarantee methodological compliance (although deviations from the results presented probably are minor).
ANCOVA analyses were not performed for the tree data because of insufficient sample-sizes in categories '2' and '3' of the nested technique factor. The results of the regression analysis for all factor combinations analysed are provided in Table 11 .
Discussion
The natural logarithm of recharge regressed against the natural logarithm of rainfall for all the collated recharge data (i.e. Fig. 4 ) explained 21% of the variation in the data (Table 11 ). It was found that there was a significant difference between the tree and annual vegetation categories, and between the sand and non-sand categories.
Rainfall was found to be the factor that explained the greatest amount of variance, followed by the land-use, soil type, and technique groups used. Accounting for differences in broad land-use improved the degree of explanation to 43% and 36%, respectively, for trees and annual vegetation, while accounting only for differences in broad soil-type explained 33% and 16% of the observed variation for sand and non-sand soils, respectively.
Combinations of different land-use and soil groupings were analysed in an attempt to further improve the degree of explanation of rainfall provided by these factors alone. Regressing the natural logarithm of recharge on the natural logarithm of rainfall improved the degree of explanation of rainfall to 60%, 45%, and 51% for the annual × sand, tree × sand, and tree × non-sand combinations, respectively. However, the degree of explanation decreased to 23% for annual × non-sand combination. That the annual × non-sand combination comprised 42% of all data explains why the overall amount of variance expressed by land-use × soil type was slightly less than that expressed by land-use alone (Table 6 ). The low degree of explanation of rainfall for the annual × non-sand data suggests that it is likely that soil structure becomes more important for higher clay content soils, but this information was not available from these studies. For all the data, and just that data within the annual vegetation category, it was found that there was a significant difference between the technique Group '1' and '3' data and Group '2' and '3' data, but not between the Group '1' and '2' data. The reasons for these observations are not clear, but it is thought that the scales and depth of measurement are more similar for between the technique Groups '1' and '2' than between Groups '1' and '3' or Groups '2' and '3'.
Not surprisingly, the relationship between the natural logarithm of recharge and the natural logarithm of rainfall was stronger for all 3 recharge estimation technique groupings for annual vegetation than for all vegetation (Table 11) . For annual vegetation, regressing the natural logarithm of recharge on the natural logarithm of rainfall improved the degree of explanation to 30%, 63%, and 16% for Groups 1, 2, and 3, respectively. That the relationship for the Group 2 data was so much stronger than the other groups is encouraging. It is worth noting that a number of studies have shown a strong relationship between rise in groundwater level and rainfall (e.g. Armstrong and Smith 1974; Sophocleous 1992; Wu et al. 1996) . This is thought to be because piezometric response techniques are integrators of the processes occurring in the unsaturated zone at the larger scale and hence are not subject to the same spatial variability as point scale measurements. However, the limited number of Group 2 and 3 measurements (18 and 25, respectively) means that these results should be treated cautiously.
As can be seen in Table 11 , the combination of statistical significance and relatively low explanatory power of the regression relationships means that the factors analysed significantly explain a relatively small proportion of observed recharge variation, and that more specific land-use and soil type categories are required. The poor predictive ability of the regression relationships is due in part to: (1) the application of linear models in a non-linear reality*; and (2) the errors associated with estimating recharge. The following section describes some possible reasons for error in recharge estimates. 
Reasons for variation in estimates
Lerner et al. (1990) suggest that the accuracy of recharge estimates is prone to 4 types of error: an incorrect conceptual model, neglect of spatial and temporal variability, measurement error, and calculation error. In this study, these errors were not separated because insufficient detail was presented in the various studies. Hence all errors were lumped together, although it is likely that the majority of variability in results was due to the variation in the data arising from natural spatial and temporal variability. Apart from the different recharge estimation techniques and the coarseness of soil grouping already discussed, the broad land-use categories used also contributed to the variation in the data -a result of a wide range of vegetation types, management practices, and other factors (e.g. soil). For example, the annual vegetation category included both pasture and cropping, as well as differing management practices such as fallow, fertilisation, and grazing. Such differences are known to cause variation in recharge (e.g. O'Connell et al. 1995) . Even within the tree category there can be high variation. Sharma et al. (1991) compared the groundwater recharge to an unconfined aquifer under different land-uses on the Swan Coastal Plain (Fig. 2) . Potential recharge was greater under the native Banksia vegetation (15% of annual rainfall) than under mature pine trees (<1% of annual rainfall). It was also noted that potential recharge was higher under a 'sparse' pine plantation (16% of annual rainfall) than under a dense pine plantation (10% annual rainfall), and higher under young pines (>32% of annual rainfall) than mature pines. The variation caused by the broad land-use groupings used in this paper was unavoidable because more detailed land-use information was seldom available for the individual studies.
Variation in recharge estimates can be introduced by ignoring temporal rainfall distribution. Data reported in large time-steps, such as annual rainfall data, introduce scatter by failing to distinguish the differences in temporal variation within years. It is well documented that the duration and intensity of rainfall events are at least as important to recharge, as the total annual rainfall (Leaney et al. 1995) . This is particularly the case in semi-arid regions where rainfall can be very episodic in nature and much of a year's rain can fall within a short space of time, causing greater recharge than would occur if the same volume of rainfall were spread over an entire year. Because of this high degree of episodicity, it is often misleading to talk of a mean annual recharge. Mean annual recharge data are more useful if the mean has been derived over a long period that contains a statistically significant number of extreme events (Barnes et al. 1994) . The variability caused by ignoring the temporal distribution of rainfall events is likely to be greater for single year estimates of recharge (i.e. Group 3) than for long-term averages (i.e. Group 1). This is because single year values will be affected by the temporal variability in rainfall between years as well as the temporal variability between sites.
In the preceding discussion, a number of secondary factors were introduced, associated with the 3 primary factors. These were land management, episodicity, and seasonality of rainfall (Thorburn et al. 1991) , and soil structure. Other secondary factors include shallow water tables (Allison and Hughes 1972; Colville and Holmes 1972; Sophocleous 1992 ) and preferred pathways, both of which can vary spatially and temporally.
For some areas, preferential flow pathways can be a major form of recharge (Johnston 1987a (Johnston , 1987b (Johnston , 1987c . These pathways are caused by macropores like cracks and old root channels as well as larger scale sink holes and geological discontinuities, which enable water to flow more rapidly than through the soil matrix (Allison and Hughes 1983) . Several measurements made under conditions of preferential pathway flow can be seen in Fig. 4 (those symbols enclosed by circles). In conditions of such preferential flow, the influence of land-use, rainfall and soil texture is reduced, e.g. Allison et al. (1985) , Johnston (1987a) . The ability of such channels to transmit recharge depends on the depth of vegetation rooting (Johnston 1987c; Allison et al. 1990 ) and the likelihood of continuous macropores to the water table (Walker 1998) . It would be expected that recharge in areas of preferential flow recharge will be much more dependent on the temporal variability of rainfall than in areas where matrix flow dominates. It is likely that such preferred pathways will be important in areas of fractured hard rock, gilgai areas, dissolution features in limestone, and in areas of shallow water tables.
The excess water curves appear to indicate an approximate upper limit to the long-term average recharge. Where recharge values lie above the excess water curve (Fig. 3) , recharge has either been estimated on sandy-soils with few drainage features (e.g. Allison and Hughes 1978; Kennett-Smith et al. 1992b) or the site has been influenced by secondary factors (e.g. Allison et al. 1985) . The general trend observed in the data was a movement away from the rational function approach to excess water curve, as the soil texture becomes finer, as the vegetation changes from shallow to deeper rooted and as the rainfall increases, because all of these increase the runoff to recharge ratio.
Application of the generic relationships
In all of the land-use × soil type combinations, strong relationships were established with all regression coefficients being highly significant. None of the relationships had R 2 greater than the 70% recommended for predictive use. The predictive ability of the main relationships (bold in Table 11 ) varied from R 2 of 60% for annual vegetation on sandy soils to 23% for annual vegetation on non-sand soils, with the equivalent relationships for trees having R 2 of 45% and 50% respectively. The most appropriate situation in which to use the results in Table 11 for estimating recharge, is where long-term, 'first cut' estimates of recharge are required over a regional scale, although even then, the high level of uncertainty in predictions must be accepted. It is also important to consider other limitations and assumptions underlying the analysis presented here. The main assumptions were that potential recharge/deep drainage will become recharge and the collated measurements are a representative sample. The main limitations are: (1) studies reporting high numbers of recharge estimates have a stronger influence than those reporting few; (2) greater errors in estimates of recharge are likely to occur in higher rainfall regions because of the predominance of studies encountered for low rainfall regions; (3) the generic relationships developed from this review can be used only where matrix flow conditions are dominant, or they may underestimate recharge (because estimates of recharge where preferential flow was reported were not included in the analysis); (4) the lack of data from summer-dominant rainfall regions means the relationships may not be applicable in areas where evapotranspiration exceeds rainfall over most of the year; (5) the data should not be considered representative of areas in winter-dominant rainfall zones of <800 mm/year that have very fresh water and are high yielding (e.g. Gnangara Mound); and (6) the application of these results to a regional scale (i.e. use in a geographical information system) can involve difficulties since most of the data were effectively point scale measurements. Application of such relationships may be appropriate in some catchments, but generally the water balance of a particular section of a landscape is not independent of the upslope data (Hatton 1998) . In landscapes where lateral hydraulic gradients are high and subsurface flow is significant, the results in Table 11 may be unreliable. Even in landscapes where the results are applicable, it is important to recognise the scatter apparent in the data, use it to gain an indication of uncertainty and assess this against the level of detail required for the task and the potential risk associated with an erroneous value.
Potential avenues for improvement
The low scatter obtained in the recharge estimates made using piezometric techniques (Fig. 4) suggests an alternative approach may be to explore the prospect of developing generic recharge relationships using recharge data from groundwater flow modelling studies. These data may provide a range within which catchment scale recharge could be expected to lie. However, from these data it is unlikely that it will be possible to distinguish between the impacts on recharge made by different land-uses within the catchment. Hence it may be necessary to further enhance the relationships by drawing on quantitative and qualitative information from (1) this study of measured recharge; (2) existing measured pair-site studies; and (3) water balance modelling studies, particularly with regard to comparing different land-uses at similar locations.
Conclusion
This paper provides the first collation of measured recharge studies across all of Australia and the first in a series of studies investigating the potential for developing generic recharge relationships. The analysis of collated recharge studies showed that, across a wide range of landscapes, recharge is significantly greater under shallow-rooted annual vegetation than under deep-rooted vegetation. It also showed that recharge under sandy soils is significantly higher than under non-sandy soils.
Rainfall was able to explain 21% of the variation in the collated data. The degree of explanation was improved by accounting for variations in land-use and soil type. The land-use × soil type combination with the strongest relationship between the natural logarithm of recharge and the natural logarithm of rainfall, was the annual vegetation × sand soil combination. For this combination, rainfall was able to explain 60% of the variation in the data. However, this value is still too low for safe prediction. For Group 2 data under annual vegetation, rainfall was able to explain 63% of the variation, but this figure should be treated with caution because of the small sample size. Nevertheless, the results suggest that measurements from piezometric methods may offer greatest promise for the development of generic relationships. To improve upon these relationships, more soil type and land-use categories need to be included in the analysis to reduce some of the variation. However, to do this more data is required. In particular, this work has highlighted a lack of annual recharge data in summer-dominant rainfall zones, under perennial vegetation, and under trees in high rainfall zones.
This study broadly showed that we could identify factors that can cause variability in recharge estimates. Because of the differences in behaviour of different landscapes (e.g. Gnangara Mound), rules regarding land-use and climate may need to be developed independently for particular landscape types (i.e. classes in a recharge classification). Areas that may require separate analysis include; soils with low water holding capacity (i.e. deep sands and skeletal soils), storage limited systems (e.g. fractured rock environments, karstic landscapes, and regions with shallow water tables), areas with duplex soils and cracking clays, and areas with fresh, high yielding aquifers. results for many Western Australian recharge studies and Dr Jeff Wood for statistical advice on an earlier draft. The senior author was supported by an Australian Postgraduate Award and scholarship funded by the CRC for Catchment Hydrology, which also supported the research.
